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< 1 > 
1-1  
Sm Eu Tm Yb
M@Cn(n=74, 82, 84 ) 2 2
Y 3
3 ( 1) 2 Tm
Tm2@C82 HoTm@C82 3
[1] Sc
+3 Sc@C82 ( ) ( ) Sc@C82( )
Ca2+@C822- Ca@C82
Ca@C82( )
Sc@C82( ) Sc +2







1-2 Y2@Cn, Gd2@Cn(n=78, 80)  
1-2-1  
Ih C80(Ih) La Ce Pr Y Gd







( 3 ) M2@C80(Ih) La
Ce Pr +3
C80(Ih) 6 C80(Ih) M2@C80(Ih)
( 3 )  
 4 
 
3 M2@C80(Ih)(M=La, Ce, Pr)  
 
1-2-2 Y2@Cn, Gd2@Cn(n=78, 80)  






La Ce Pr C80(Ih)
1 C80(Ih)
( 4 ) +2.5
-5 ( 5) TEA/
M2@C80(Ih)(M=Y, Gd) 1







4  Y2@C80(Ih)  
 
 
































M2@Cn(n=78, 80) 3 f Y Lu 3 f
7 Gd 3 (L=0)
( 8) 
 
8 M2@Cn(n=78, 80)  
( : Lu2@C78 Lu2@C80 ) 
Lu +3
[Xe]4f13 Yb Yb2@Cn(n=78, 80)
+3 Yb L=3 S=1/2 J=7/2
Gd3+ Yb3+ J=7/2 Gd3+ L=0 S=7/2
Yb3+ J Yb3+ Yb2@Cn
ESR 0
M2@Cn Ce 3 [Xe]4f1
4f 1 Yb3+ 4f




 1 M3+  
  (S) (L) (J) 
Y3+ [Kr] 0 0 0 
Gd3+ [Xe]4f7 7/2 0 7/2 
Lu3+ [Xe]4f14 0 0 0 
Yb3+ [Xe]4f13 1/2 3 7/2 


























2  Yb  
2-1 Yb2@Cn   
Yb [Xe](4f)13(5d)1(6s)2












(  10 mm) 16 kgf/cm2 1
( 2) 3
Δ






 2 (Yb) 
Yb2O3  Δ   
4.07 g 10.0g 4.32 g 4.34 g 4.32 g 
 3  
/    150  400  600  800  1000  250 
/  0 5 5 5 5 5 5 5 5 20 60 20  
 4  
/    400  800  1100  200 
/  0 10 10 10 10 60 10 20  
 
100 mL TEA/ ( TEA: =1:3)
8 1 (5B 4 m) 2
MEMBRANE ( 0.22 m) 2
( ) 10
11 ( 11
24 m/z ) Yb2C80 1306
C108 1296
1296 C108 Yb2C80
( C94 C96 Yb












 : Buckyprep ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : Yb-TEA/  
 
























2-2 MYb@Cn(M=Y, Sc, Hf)   
2-2-1 YYb@Cn  
Y Y:Yb:C=1:1:98
Yb C (He
500 Torr 60 A) ( 5) Y
100 mL TEA/
( TEA: =1:3) 8 1




13 14  
 5 (YYb) 
Yb2O3 Y2O3  Δ   
2.05 g 1.15 g 10.1g 4.32 g 4.30 g 4.29 g 
 
 : Buckyprep ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : YYb-TEA/  
 
13 HPLC (YYb) 
 14 
 
14 A B  
 
























(a b) 15 16  
 6 (ScYb) 
Yb2O3 Sc2O3  Δ   
2.03 g 0.702 g 10.2 g 4.31 g 4.28 g 4.31 g 
 
 : Buckyprep ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : ScYb-TEA/  
 
15 HPLC (ScYb) 
 16 
 
16 a b  
 













Yb Yb2@Cn MYb@Cn(M=Y, Sc)
( 17) 
Yb2@Cn MYb@Cn(M=Y, Sc)  
TEA/  
 




M2 MM’ (M2)6+ (MM’)6+






18 IP1 IP2 IP3 M2 MM’  
 
 




































2-2-3 HfYb@Cn  
Hf:Yb:C=1:1:98 4 YYb ScYb
( 7)
( ) 21  
 
 7  
Yb2O3 HfO2  Δ   
2.03 g 2.15 g 10.0 g 4.30 g 4.31 g 4.32 g 
2.03 g 2.16 g 10.0 g 4.35 g 4.32 g 4.30 g 
 
 : Buckyprep ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : HfYb-TEA/  
 










22) IP Yb Yb2@Cn
M2@Cn(n=78, 80)
Yb Yb














3  Tm  
 
3-1 Tm  
Tm Tm@Cn(n=74, 
82, 84 ) Tm Yb 2 2
Tm
Tm2@C82 HoTm@C82 Tm 3




23 Tm  
 
3-2 Tm  
Tm:C=2:98 Yb2 MYb 4
( 8)
TEA/ 200 mL( TEA: =1:3)
2  
 
 8 (Tm) 
Tm2O3  Δ   
3.99 g 10.0g 4.28 g 4.31 g 4.34 g 




3-3 HPLC Tm2@Cn(n=78, 80)  
HPLC Tm2@Cn(n=78, 80) Tm2@C80
2
(Stage1) 24  
Stage1 
 : Buckyprep ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : Tm-TEA/  
 
24 HPLC (Tm stage1) 
 




25 30  
 
 9 Tm2Cn  
  
Tm2C78 Buckyprep C18-AR- C18-AR-  
Tm2C80(1) Buckyprep C18-AR- C18-AR- C18-AR-  
Tm2C80(2) Buckyprep C18-AR- C18-AR-  
 24 
Tm2C78-Stage2 
 : C18-AR-  ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : 24 A 
 
25 HPLC (Tm2C78-Stage2) 
 
Tm2C78-Stage3 ( β :  25 stage2 ) 
 
26 HPLC (Tm2C78-Stage3) 
 25 
Tm2C80(1) Tm2C80(2)-Stage2 
 : C18-AR-  ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : 24 B 
 
27 HPLC (Tm2C80(1) Tm2C80(2)-Stage2) 
 
 
Tm2C80(1)-Stage3 ( β : 27 B1 Stage2 ) 
 
28 HPLC (Tm2C80(1)-Stage3) 
 
 26 
Tm2C80(1)-Stage4 ( β : 28 Stage3 ) 
 
29 HPLC (Tm2C80(1)-Stage4) 
 
 
Tm2C80(2)-stage3 ( β : 27 B2 Stage2 ) 
 
30 HPLC Tm2C80(2)-Stage3) 
 
 27 
3-4 UV-vis-NIR Tm2@Cn(n=78, 80)  















Tm2C78 UV-vis-NIR  
Tm2C78 Gd2@C78(D3h)
32 Tm2C78 Gd2@C78(D3h)
650 nm 520 nm
570 nm Tm2C78












Tm2C80(1) UV-vis-NIR  
Tm2C80(1) Gd2@C80(Ih)
33 Tm2C80(1) Gd2@C80(Ih)
420 nm 480 nm 2
Tm2C80(1) C80(Ih)
Tm2 Tm2@C80(Ih) Tm +3
1 Tm
Tm2@C80(Ih) (Tm2)5+@C80 (Ih)6-  
 






Tm2C80(2) UV-vis-NIR  
Tm2C80(2) Ce2@C80(D5h) 34
Ce2@C80(D5h) Ce 3 (Ce2)6+@(C80(D5h))6-
Ce2@C80(D5h) Tm2C80(2)










34 Tm2C80(2) UV-vis-NIR  
 31 
3-5 Tm2@C78(D3h) ESR  
Tm2@C78(D3h) X-band ESR
Å 35  
 





Å 10  
H= Seff g H + Seff A1 I1 + Seff A2 I2    ( 1) 
 
 10 Tm2@C78(D3h) ESR Å  
Seff 1/2 
gx, gy, gz 1.0, 12.0, 12.6 
A1x, A1y, A1z [cm-1] 
A2x, A2y, A2z [cm-1] 
0.0000, 0.0767, 0.0767 
0.0000, 0.0767, 0.0767 
169Tm I  
(I1=I2) 
1/2 




10 Å gx=1.0 A1x(=A2x)=0.0000
μ 36 gx Å
37 37 gx
1.5 2.0 1.0
300 500 mT (× ) gx 0.5
140 180 mT (× )
0.5!< gx !< 1.5
gx  
 
36 Å gx  
 
 





20 80 mT 39
A1x 0.0000 ≤ A1x ≤ 0.00334 Å
 
 
38 Å A1x(=A2x)  
 
 
























Tm2@C78(D3h) ESR 41 8 K 32 K





41 Tm2@C78(D3h) ESR  
 
 
42  Tm2@C78(D3h) ESR (T)  
( 4 K )   
 36 
3-6 Tm2@C80(Ih) Tm2@C80(D5h) ESR  
Tm2@C80(Ih) Tm2@C80(D5h) X-band ESR
43 46  
 




44 Tm2@C80(Ih) X-band ESR  
 37 
 



































4  M2@Cn(n=78, 80)  
4-1  
Yb Tm Nd Eu Dy Er
M2@Cn(n=78, 80)
IP1 IP2 IP3 M2 MM’
47 Tm2@Cn
M2@Cn MM’@Cn(n=78, 80)
IP1+IP2+IP3 M2 MM’ Tm2 (83.83 
eV) ( 47 )












[9] ( 2) IP3 M2+ M3+
EA3 Cn Cn2- Cn3-
U(M2+-Cn2-) U(M3+-Cn3-) M2+ Cn2-




E (M2+@Cn2- M3+@Cn3-)  
             = IP3  EA3+ ( U(M3+-Cn3-)  U(M2+-Cn2-) )    ( 2) 
 
 







49 M2@Cn ( MM’@Cn )
M2 MM’ IP3 49
2 3 IP3
M2@Cn(n=78, 80) Eu2 Yb2 ScYb
M2@Cn(n=78, 80)

















M13+ M23+ C80(Ih) C3
C1 C2 (LC1-C2) 8.62 C1 M1 C2
M2 M13+ M23+ (rM1 rM2)
X=1.34 ( [10] La2@C80(Ih) X
La3+ 1.05 )
M1 M2 C1 C2
 
 
50 M1M2@C80(Ih)  
 
 43 
50 U ( 3)





























&× 6.242×1018( ) (3)
 
( :!ε! = 8.854×10!!"![F m!!] : e = 1.602×10!!"![c]) 
11 M3+ (rM) ([11] ) 
























MM’ ( 3) U
M2@Cn( MM’@Cn) 52  
 
 
52 IP1 IP2 IP3 U  
 
 45 


















































Eu Yb 1 2
M2@Cn
( 57) MYb@Cn Yb 2
M 2
Yb MYb@Cn
( 58) M2@Cn MM’@Cn
2































Y Sc Y Yb C Sc Yb C
Yb2@Cn(n=78, 80)
MYb@Cn(M=Y, Sc) Yb











































 Tm  









C18-AR- 2 HPLC Tm3C80
( 60)  
Tm3C80-Stage1 
 : C18-AR-  ( 20	 250 mm ) 
 : 20 mM TBABr  
 : 9 mL/min 
β  : TEA/  
 
59 HPLC  
 53 
Tm3C80-Stage2 ( β : Stage1 Stage1 ) 
 
60 HPLC  
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